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This research identifies the electrical potential associated with Thermoelectric Genera-
tors (TEG) under the incidence of solar rays and performs efficiency comparison using
this type of devices and those photovoltaic. TEG characterization and modeling is
presented to favor the estimation of the electrical potential, defined as power density
(W/m2). The proper operation of thermal harvesting lays in maintaining a temper-
ature difference of at least 26.31K between the TEG sides. With this requirement
fulfilled, power conversion efficiencies of about 26.43% are obtained, higher than that of
high-quality solar panels and without efficiency reductions associated with heating and
soiling, while keeping the same superficial area of only 16cm2. An estimate of at least
407.3mW corresponding to 2.44Wh of available energy is found considering specific op-
eration hours determined statistically for a given geographic location. Thus, given such
performance metric, a complete power unit is devised complementing the thermoelectric
energy harvesting with a Li-Po battery to guarantee in that way a continuous operation.
The total energy available from the prototype allows maintaining a battery discharge
percentage of 38.05% considering the energy budget of a low-power remote sensor.
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Smart cities initiatives emerge from the effort of the Internet of Things (IoT) to tackle
the raising problems of modern cities. Exploiting innovating technologies, they pretend
to improve the quality life of citizens by monitoring the environment and interacting
with it [1]. With the principle of interconnected people and objects, IoT applications
collect information from autonomous devices and permits the communication between
machines. As a result, information about education, energy, healthcare, public trans-
portation, employment, among others, is available on demand in a centralized system
like the Internet. To guarantee a continuous operation; challenges as low cost, low power
consumption, low range of transmission and easy deployment appear for the successful
implementation of IoT solutions [2].
The performance of IoT is based not only on the design and installation of sensors
and devices that send the information, or the communication platform, but also on the
continuous operation of the associated devices [3]. Designing low power microcontrollers
represents an improvement for minimizing the energy consumption. However, available
battery technologies have low energy density and operation lifetime continues to be
limited [4].
Energy Harvesting (EH) techniques are considered as a solution for complementary
power sources. They collect a very small amount of power for low-energy electronics
from the environment. Thus, outdoor radiant energy coming from the sun can be used
to produce electricity through the photovoltaic effect using Solar Panels (SP) [5]. For
outdoor devices, SP can provide the required operation power but only during proper
radiation conditions. In any case, the solar resource is usually unpredictable and it needs
1
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to be combined with energy storage units. Also, SP efficiency is affected by dirt and
temperature causing an increase in initial deployment and higher maintenance costs. It
has been found in the literature and tests that the efficiency does not exceed 20% of the
potential [6].
An alternative that is not affected by dirt; and, unlike the solar panel, takes advantage
of the sun in terms of heating is the Thermoelectric Energy Harvesting (TEH). A ther-
moelectric generator is used as transducer of the temperature difference across it [7].
Many approaches have been proposed to guarantee a continuous operation for outdoor
devices using only TEH [8]. According with the state-of-the-art, temperature differences
do not surpass 15K using the sun as energy source [9]. This results in low power and
low thermal efficiency for TEG. Hybrid systems pretend to combine photovoltaic and
solar thermoelectric effect to improve the output power. However, this method does not
succeed because the concentration scheme produces an undesired increase on the solar
panel temperature and does not tackle the dirt associated efficiency reduction. As a
result, the efficiency of a hybrid system is still limited by the solar panel operation.
This thesis proposes an approach to exploit the large amount of solar resource available in
the Colombian Caribbean region, where the study of TEH takes place. The solar incident
radiation is converted into heat by means of a metal surface that acts as concentration
element to obtain higher temperature differences. One of the main challenges when
using a TEG is to maintain the temperature on the plates. Thermal management
relies on the combination of materials and heat transfer techniques to stabilize the
component temperature. Cooling mechanism are used in the TEG cold plate to maintain
the temperature in desired values. Among the considered methods, fans, heat sinks and
materials such as water stand out [10]. Taking into account that is desired to maintain
the temperature of the cold plate as constant as possible, this work analyzes the posibility
of using a Phase Change Material (PCM) as a thermal stabilizer.
The reminder of this thesis is organized as follows. First, the research problem, jus-
tification and expected impacts are presented in Chapter 2. The research objectives
are proposed in Chapter 3. Chapter 4 presents theoretical concepts, while Chapter 5
provides related work in thermal energy harvesting. After that, Chapter 6 illustrates
the proposed approach of thermoelectric energy harvesting scheme, and Chapter 7 shows
quantitative and qualitative results of the experiments, including discussions that emerge




According to reports delivered by government and worldwide agencies, the Colombian
Caribbean region presents a high availability of solar resources. The atlas of solar radia-
tion, ultraviolet and ozone of Colombia reports that solar energy density ranges between
4.5kWh/m2 and 6kWh/m2, which are considered high values compared to other regions
of the country (see Figure 2.1) [11].
Figure 2.1: Solar energy density in the Caribbean region (taken from [11]).
Peak Sun Hours (PSH) represent the amount of available solar energy in an area during
a typical day [12]. One PSH is an hour during which the intensity of sunlight is 1kW/m2.
The Surface Meteorology and Solar Energy from the National Aeronautics and Space
Administration (NASA) reports that peak sun hours can vary between 5.56 and 6.89 in
Barranquilla, Colombia [13]. Figure 2.2 present the monthly average PSH with the data
presented by [13].
3
Chapter 2. Research Problem 4
Figure 2.2: Monthly average PSH in Barranquilla, Colombia (data from [13]).
The Electrical and Electronics Engineering Department of Universidad del Norte has
developed several projects associated to study the large amount of solar resource in the
region. Part of the work developed in this line include the Strategic Area of Energy, the
Photovoltaic Solar Energy Laboratory, the Renewable Energy Module and UniGrid, the
micro-grid installed in one of the laboratories in Universidad del Norte. Also, courses
and diplomas have been opened that allow an approach to solar energy, such as Special
Topics: Renewable Energy and Diploma in Generation Projects with Non-Conventional
Energies and Smart Grids.
A particular design of experiments of the Strategic Area of Energy is considered to
define solar radiation categories during the day by recognizing their statistical charac-
teristics. To identify these categories, historic data between years 2009 and 2015 are
analyzed. Then, the categories are selected based on the Fisher’s Least Significant Dif-
ference method (LSD). This method starts with the assumption that all groups under
study are equal and is chosen because it permits to reject that null hypothesis [14]. The
results of applying LSD show that the day is divided in hour ranges following if a statis-
tical difference exists among those. The method is based on the F-ratio to determine if
the averages of two similar categories are statistically equal; or, on the other hand, they
are not. As observed in Table 2.1, an average day in the city of Barranquilla can be
divided into six ranges with Ranges V and VI displaying the highest average radiation
estimates.
Table 2.1: Hourly range with similar radiation.
Category Hour Ranges Average Solar Radiation [W/m2]
I 00:00 - 05:59 / 18:00 - 23:59 0.00
II 06:00 - 06:59 / 17:00 - 17:59 64.65
III 07:00 - 07:59 / 16:00 - 16:59 216.73
IV 08:00 - 08:59 / 15:00 - 15:59 471.61
V 09:00 - 09:59 / 14:00 - 14:59 692.58
VI 10:00 - 11:59 / 12:00 - 13:59 839.71
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The Journal of Progress in Photovoltaics: Research and Applications reports the ad-
vances on photovoltaic research and the improvement on cells efficiency each six months.
According to Version 53 (December 2018), a record of 29.1% was measured for a 1cm2
single cell, but the overall efficiency decreases when the cells are connected in series or
parallel [6]. With the information gathered in the projects, courses and in the literature,
it has been demonstrated that electrical energy systems powered by photovoltaic effect
have an overall efficiency no greater than 20% [15–19].
The limited efficiency of the panels is induced by the materials used to produce them
and the operating conditions. However, it is necessary to improve the energy produced
from sun radiation to substantially increase the behavior of the panel. Commonly used
methods include: tracking of solar rays, concentration of sunlight and self-cleaning. With
the tracking system, the rays are maintained perpendicular to the surface of the solar
panel, while constant cleaning avoids the soiling effect produced by the dust particles [20].
In [21], an active cooling mechanism is experimentally evaluated. It is installed under
the solar panel and activated or deactivated according to the temperature measured with
a termocouple. The use of a compressor decreases the solar panel temperature and the
output power range becomes 24.6% higher than the output power of a system without
cooling. In [22], a robot which cleans a solar panel is designed. The robot consists of a
cleaning head that moves through the surface. From the results, the efficiency increases
by 31.23% just after cleaning. On the other hand, using concentrators to direct solar
rays improves efficiency in power generation for photovoltaic technologies [23]. Such
is the case of [24], where mirrors and an active cooling mechanism are used increasing
efficiency to 32% with the concentration scheme and to 52% with concentration plus
cooling. However, in [21],[22], [23] and [24]; the power consumption of the used strategies
is not evaluated.
Recently, the possibility of using thermal energy harvesting with thermoelectric materials
has been explored [25]. Taking advantage of the heating produced by the incidence of
solar rays on the Earth’s surface, a TEG allows to obtain usable electrical energy by
means of the Seebeck effect. With low cost TEGs it is possible to harvest energy by
maintaining a temperature difference between their plates [26].
2.2 Problem Statement
The most common power sources for energetically autonomous devices are batteries
and energy harvesters [27]. From a Wireless Sensor Network (WSN) point-of-view, the
choice of the powering unit is not a trivial issue since a network can contain hundreds
(or thousands) of sensors. The power supply can be a primary battery which are simple
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to implement but the lifetime of the sensor is limited by the battery capacity [28]. Even
though the lifetime can be measured up to years, the process of changing batteries
could cumbersome if the sensors are not easily accessible. On the other hand, secondary
batteries can be used, but the repetitive process of charging needs to be as automatic as
possible and the unit in command requires power management circuitry that maximizes
the battery lifetime [29].
Energy harvesters can transform energy constantly from environmental sources to power
up remote sensors for longer time periods. Table 2.2 present energy densities for most
common environmental sources.
Table 2.2: Power densities for energy harvesting [30–32].
Energy Source Energy Density [µW/m2] Transducion process
150 (Cloudy) Photovoltaic
Solar 15000 (Sunny) Photovoltaic
6 (Indoors) Photovoltaic




Although the solar energy density is higher compared to ambient temperature gradient,
for example; the selection of the proper transducer can make a significant difference in the
available electric power. From an outdoor point-of-view, solar energy can be harvested
by solar panels that produce a DC output. In this case, the resulting available energy
is affected not only by factors such as position, weather conditions, time and day of
the year, but also in soiling effect due to particulate material and cell temperature that
reduces the SP efficiency [33, 34]. The SP efficiency is defined as the percentage of the
solar energy falling on its surface that is converted into electrical energy. Typically, the
SP efficiency is considerably low. Also, solar energy is not only transformed into electrical
energy through the photovoltaic effect, but also produces thermal energy manifested in
the heating of the SPs, which reduces their efficiency [35].
2.3 Justification Statement
To overcome the challenge of automating the charging process for secondary batteries
and, in the process, count with energy available for sensor operation, energy harvesting
can be employed as alternative power supply from external sources [36]. The selection
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of the ambient source depends on the energy density at the location and on the power
required to maintain load operation. Currently, for IoT applications, the required power
density can be defined as low, which opens the possibility of using a wide range of
sources for energy harvesting. Some of those sources include solar radiation, vibrations,
and temperature gradients, among others [37].
Such low efficiency permits to explore alternative ways to harvest the solar resource by
different means with higher efficiency. Hence, since variations in temperature produce
electricity using thermoelectric or pyroelectric transducers, TEH can also be proposed
as harvesting scheme using a TEG [38]. In this case, a TEG converts temperature
differences across its plates into electricity [39]. The main challenge comes with devising
an strategy to increase or just maintain the temperature difference between the TEG
plates/sides to obtain enough energy densities to power an IoT sensor properly [39].
Once the temperature difference is addressed with a dissipative material, the soiling
effect becomes irrelevant for the TEG option.
In any case, adequate power management becomes crucial for proper sensor operation.
Thus, as the total equivalent load changes, the supply system must be capable of pro-
viding sufficient amount of power. Therefore, many DC power supply designs require a
regulated output for its operation. Finally, as SP and TEG output power changes with
radiation and temperature, performing a search of the maximum power point is also
mandatory, so that total supply efficiency is further maximized [40].
2.3.1 Scientific-Technological Impact
This research seeks to estimate the electric energy available by thermoelectric effect un-
der the concentrated incidence of solar rays. The aim is to propose a energy harvesting
scheme that permits to power outdoors sensors and devices up with higher efficiencies
than solar panels. This contributes to tackle the energy challenges of current communi-
cation technologies.
2.3.2 Impact on Productivity and Competitiveness
With this research it will be possible to determine the energy density available and the
efficiency of thermoelectric energy harvesting with sun as energy source. This allows the
establishment of generation schemes with non-conventional sources that still use solar
radiation as their main source and take advantage of this highly available resource in
the Caribbean region.
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2.3.3 Impact on the Environment and Society
The implementation of low-power generation schemes with renewable energies, such as
solar radiation, contributes to the reduction of pollution produced by other solutions.
Also, using energy harvesting techniques to power up outdoors sensors and devices




This thesis aims to develop a comparative analysis of the generation potential and effi-
ciency of a thermoelectric energy harvesting scheme and photovoltaic solar cells.
3.2 Objectives
• To estimate the density of energy available from generation devices by thermoelec-
tric effect from solar energy concentration.
• To develop a comparative analysis of energy efficiency given a unit area of ther-
moelectric generators with that exhibited by photovoltaic panels.
• To establish an area-efficiency relationship for a thermoelectric energy harvesting
scheme composed of an array of thermoelectric generators.
3.3 Delimitations
3.3.1 Assumptions
• The number of low cost thermoelectric generators will be greater than or equal to
2.
• Based on the power generated, the performance of the scheme will be compared
with that of a solar panel with electricity production and a similar area.
9
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• The generators will be placed on a metal plate, which will be exposed to the sun.
• It will be taken W/m2 as energy density unit, in order to make the comparison
with photovoltaic solar energy.
3.3.2 Limitations
• Work will be done on basic electrical models based on Thevenin equivalents that
reproduce the behavior of thermoelectric modules.
• It is not planned to develop life cycle performance tests of the devices.
• It is not planned to develop tests for disturbances such as dirt, but both systems




This chapter presents the theoretical concepts necessary for the development of this
thesis. It includes principles of energy harvesting with its different components, the
operation of thermoelectric generators and the solar panels, techniques to obtain the
maximum power from non-linear sources, and phase change materials as dissipative
elements.
4.1 Energy Harvesting
Energy harvesting is the process by which energy is converted to electricity from envi-
ronmental sources. Ambient energy sources are present and available in terms of heat,
movement or radiation. Given that, EH main purpose consists of capturing ambient
energy, transforming into electrical energy and powering wireless sensor nodes, wearable
devices and many more consumer electronics. Harvested energy can be categorized into
five types: radiant, mechanical, thermal, magnetic and biochemical [36].
Electromagnetic waves emit radiant energy that can be categorized in solar and ra-
diofrequency based on the electromagnetic spectrum. Solar energy covers from infrared
to ultraviolet light. Outdoors, the available power comes from the sun and depends on
factors such as position, weather conditions, time and day of the year. But indoor ”so-
lar” energy comes from artificial illumination and windows. In general, solar energy is
harvested using photovoltaic cells that produce a DC output [41]. Section 4.4 explains in
more detailed the conversion principle and modeling of solar panels. On the other side,
radiofrequency energy is emitted by broadcasting stations and cellular antennas in the
nanowatt range. The corresponding transducer is a radiofrequency antenna modeled as
an AC voltage source, VOC , in series with an output impedance ,ZS , as shown in Figure
4.1 (a)).
11
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Figure 4.1: Electric model of transducers (adapted from [36]). (a) Antenna
(b) Piezoelectric material
In EH, kinetic energy from vibrations, human activity, pressure variations and gas flow
are used as mechanical energy source [36, 42]. This type of energy can be transformed
by one of three following conversion principles: electrostatic [43], piezoelectric [44] and
electromagnetic [45]. Variable capacitors are used in electrostatic EH by changing one
of the plates with mechanical force. The piezoelectric effect is explained by the response
of mechanical stress in a material. Also, electromagnetic induction is fulfilled using a
permanent magnet as magnetic flux source generating a voltage in a conductor [46].
Regardless of the conversion principle, the output power is AC and must be rectified.
Variations in temperature produce electricity using thermal energy as source. In the
thermoelectric effect, temperature differences in a semiconductor material can cause
an electrical energy through the Seebeck effect. Thermoelectric operating principle is
explained in Section 4.2. A voltage produced by variations in temperature over time
evidence pyroelectric effect. Piezoeletric Transducers (PZT) are considered pyroelectric
converters modeled as an AC current source, ip, in parallel with a capacitor (See Figure
4.1 (b)).
On the other hand, current conductors in lines of transmission, magnets or electric
rotating machine produce an AC magnetic energy by Wiegand effect or induction
coils. Wiegand effect consists of generating electricity in a coil by changes in an external
magnetic field [47]. The coil is modeled as an AC voltage source.
Chemical-to-electrical conversion is used in batteries to provide portable electricity. In
biochemical energy the fuel is biological material and it is transformed into DC elec-
tricity in an electrochemical reaction [48].
The selection of the ambient energy source depends on the energy density at the location
and on the power required to maintain load operation. Table 4.1 compares each energy
source’s conversion principles, transducers and type of output power.
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Table 4.1: Comparison between EH sources.
Type of energy Transducer Conversion principle Output
Solar panel Photovoltaic DC
Radiant Antenna Polarization AC
Variable capacitor Electrostatic AC
Mechanical Piezoelectric material Piezoelectric AC
Coil Electromagnetic induction AC
Thermoelectric material Thermoelectric DC
Thermal Pyroelectric material Pyroelectric AC
Magnetic Coil Electromagnetic induction AC
Biochemical Biological material Electrochemical reactions DC
Regardless of the energy source, any EH system can be expressed with the block diagram
of Figure 4.2. The transducer is responsible for taking energy from the environment and
converting it into electricity. Thermoelectric generators and solar panels are presented
as transducers for solar energy in the Sections 4.2 and 4.4. Due to the stochastic nature
of the energy source, any EH system requires a power management unit that allows to
operate at the maximum power points, to deliver the power required to the load and
also to store the remaining energy for the times where the source is not present. Section
4.5 explains the power management unit and Section 4.6 presents storage units for EH.
Figure 4.2: EH general block diagram (adapted from [49]).
4.2 Thermoelectric Generator
A thermoelectric generator is a transducer that converts the temperature differences
on its sides/plates directly into electrical energy. A TEG is internally composed of
a semiconductor material that is doped, producing P-type and N-type legs. These
materials are electrically connected in series and thermally connected in parallel, as
shown in Figure 4.3.
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Figure 4.3: TEG internal components (adapted from [50]).
Under the presence of a temperature difference, charge carriers migrate from the hot side
to the cold side producing electricity, this is known as Seebeck effect [51]. Using constant
parameters such as thermal resistance of the material, contact resistance between its
terminals and the Seebeck coefficient, the amount of heat in the hot and cold plates

















where TH and TC are the temperatures in the hot and cold plates; RE and θm are the
electrical and thermal resistances of the N pairs, and α the Seebeck coefficient [52].
After analyzing the thermal behavior of the TEG, it is necessary to analyze its electrical
behavior. To obtain an equivalent circuit model, the first step is to define circuit elements
for the thermal variables. For that task, it is required to find lumped elements that help
to describe the fundamental physics associated. For the TEG, it is enough by defining
single-port elements. Thus, in the thermal domain, the effort or across variable (voltage)
can be associated with temperature difference, the flow or through variable (current) can
be related with a heat current, and the dissipative element (resistors) are electrical and
thermal resistors [53]. Therefore, in its simplest form, a TEG can be modeled using the
electrical equivalent shown in Figure 4.4. It consists of a voltage source (VOC) in series
with a resistance (RE).
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Figure 4.4: First order transducer equivalent model of a TEG (adapted from [54]).
Assuming that there is no contact resistance between each plate and the legs, the applied
temperature difference in the plates is equal to the one at P and N legs; that is,
∆T ′ = T ′H − T ′C = ∆T = TH − TC . (4.3)
The associated DC source is constant and equal to α∆T , so the Open Circuit Voltage
(OCV) becomes
VOC = α∆T ; (4.4)
and the output voltage is
V = α∆T −REI. (4.5)
It should be noted that α depends on the TEG internal material, while ∆T depends on
the operating conditions. Then, considering Equations 4.4 and 4.5, the power delivered
to a load, RL, becomes
P = α(TH − TC)I −REI2, (4.6)
P = VOCI −REI2. (4.7)
Using Equations 4.5 and 4.7, V-I and P-I characteristic curves are constructed and
presented in Figure 4.5. There is one point where the TEG delivers the maximum
power. This operation point is known as the Maximum Power Point (MPP). The set of
curves, V-I and P-I, is used to determine the corresponding MPP [55].
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Figure 4.5: TEG characteristic curves (adapted from [54]). (a) V-I curve (b)
P-I curve.
With the simplest model presented in Figure 4.4, the MPP can be found from the









= VOCI − 2REI = 0. (4.9)
Then, solving Equation 4.9 for I













4.3 Phase Change Materials
Phase change materials are substances that storage latent heat of fusion. They exchange
large amount of heat through a change in their physical state [56]. The thermal energy
transfer occurs during solid–liquid or liquid-solid phase changes.
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Unlike sensible storage materials, PCM storage systems have the advantage that they
operate with small temperature differences during the phase change while storing or
releasing thermal energy. They can store 5–14 times more energy per unit of volume
than sensible storage materials such as water, masonry, or rock [57]. Figure 4.6 presents
the T -Q characteristic curve. The phase change temperature remains constant in a value
of TPC while exchanging an amount of heat of Qf −Qi.
Figure 4.6: PCM T-Q characteristic curve (adapted from [58]).
PCMs are also used as thermal stabilizers due to the property of maintaining their
temperature constant during the phase change. For this thesis, the use of low-TPC PCM
is evaluated to keep the cold TEG plate temperature within the desired range.
4.4 Solar Panel
Solar energy is used to generate electricity directly from solar radiation using photo-
voltaic (PV) effect. The conversion of solar energy into electricity is developed in a
solar panel, a solid state-device composed of PV cells. A PV cell consists of a junction
between two thin layers (N-type and P-type) of a doped semiconductor material whose
electrical behavior is altered with tiny quantities of an impurity. This produces a sur-
plus and a deficit of free electrons in the N-type and the P-type materials. To obtain
more power from PV cells, groups of them are connected in series or parallel in a solar
panel [59]. Despite the majority of cells are silicon-based, they are divided into three
main categories: monocrystalline, polycristalline and amorphous. Crystalline SPs are
commonly used for outdoor applications while amorphous are used for indoors.
Several physical effects are considered on the electric generation of a solar panel: the light
generated current, the movement of current through the cell, contact resistance between
the metal contacts and the silicon, and manufacturing defects [60]. The electrical model
is constructed using linear and non-linear elements. A current source characterizes the
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light generated current, a series resistance is used to describe the power losses due to
contact resistance and a shunt resistance models the losses due to manufacturing defects.
A diode is used to model the solar cell behavior in the dark [61]. Figure 4.7 shows the
described equivalent model.
Figure 4.7: SP electrical model (adapted from [62]).
Applying circuit analysis techniques, the relation between current and voltage of a SP
is given by
I = IL − IO(e
V +IRs
nVT − 1)− V + IRS
RSH
, (4.13)
where I and V are SP current and voltage, IL is the light generated current, n is the
amount of cells connected, VT the thermal voltage, RS the series resistance and RSH





with K = 1.38 ∗ 10−23J/K, q = 1.6 ∗ 10−19C and T the temperature in K.
Given the temperature and environmental conditions dependence, modeling and tests
are made considering the following Standard Test Conditions (STC) [63]:
• Cell temperature of 25◦C.
• Radiation of 1000 W/cm2 (known as one-sun of illumation).
• Air mass 1.5.
Considering that the module exhibits dependence on radiation and temperature, light
generated current IL can be expressed as
IL = G [IL,STC + ki∆T ] , (4.15)
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where G is the ratio of current radiation to STC radiation, ki the temperature coefficient
and ∆T , the difference between current temperature and STC temperature. Based on
the connected load, the electrical operation is described. When the resistance is infinite,
the current in the circuit is at its minimum and the voltage is known as Open Circuit
Voltage (OCV or VOC). In contrast, when the resistance is zero, the current reaches its
maximum and is known as the Short Circuit Current (ISC). Varying the resistance from
0 to ∞, the I-V characteristic curve is constructed as in Figure 4.8 (a), presenting the
MPP.
Figure 4.8: Theoretical I-V curves for SPs (adapted from [64]). (a) I-V curve
(b) Variation on I-V curve due to radiation and temperature increasing.
The efficiency of a SP is defined as the percentage of the solar energy falling on its surface
that is converted into electrical energy. It is associated with the building materials and
is affected by the operating conditions [65]. Taking into account the radiation levels
and cell temperature, a SP does not present a single characteristic curve. This varies
with the ambient temperature, humidity, dirt, shade, angle of incidence, among other
external variables. Figure 4.8 (b) shows the change that occurs in the characteristic
curve; and therefore, in the MPP, as temperature and radiation vary. It should be noted
that an increase in the radiation received causes the MPP to increase, while an increase
in temperature causes the MPP to decrease. Consequently, the MPP operation becomes
critical to obtain the maximum electricity from the SP.
4.5 Power Management Unit
The output power from any supply system can be varied according to the connected load.
As the load changes, the supply system must be capable of providing sufficient amount
of power. Therefore, many DC power supply designs require, within many features, a
regulated output for its operation [66] . Regulated power supplies maintain the voltage
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constant at the output terminal while varying the load currents. DC-DC converters are
circuits that convert a DC voltage to a different DC regulated level [67] . Output voltage
can be lower or higher than the input depending on the configuration.
Linear regulators are simple way of converting a DC supply voltage to regulated lower
DC voltage. The circuit of Figure 4.9 shows a linear regulator which uses a transistor
as a variable resistance [68].
Figure 4.9: A basic linear regulator (adapted from [68]).
By adjusting the transistor base current, the output voltage may be controlled over a
range of 0 to Vs. The output voltage is defined as
Vo = ILRL, (4.16)
where the load current (IL) is controlled by the transistor (Vctrl). However, the power
loss in the transistor causes this circuit to present a low efficiency. Therefore, switching
converting circuits are proposed as an efficient alternative to linear regulators [67].
In a switching converting circuit, the transistor on Figure 4.9 operates as an ideal elec-
tronic switch by being completely on or off. The output voltage is the same as the input
when the switch is closed, and the voltage is zero when the switch is open. The result is
a periodic opening and closing of the switch [68]. The duty ratio (D) is defined as the
ratio of the open time and the switching period. The switch is closed for time DT and


















Vsdt = VsD, (4.18)
being f the switching frequency. From Equation 4.17, the duty cycle is always less than
1, and from Equation 4.18 the DC component is be less than or equal to the input
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voltage of the circuit. The power absorbed by the ideal switch is zero, but losses occur
in a real switch.
Switching converting circuits are useful in applications which do not require a constant
DC source. To obtain average values from a basic switching converter, an inductor-
capacitor (L-C ) low pass filter is added after the switch, as shown in Figure 4.10 (a).
Figure 4.10: DC-DC converters (adapted from [68]). (a) Buck converter (b)
Boost converter
Also a diode is included to provide a path for the inductor current only when the switch
is opened. The output voltage is less than the input, so this circuit is called a buck
converter or a down converter [70].
For the purpose of this approach, it is required a DC-DC converter with an output value
larger than the input [71]. A boost converter is another switching converter with (L-
C ) filter that operates periodically opening and closing an electronic switch but steps
up the voltage [72]. Figure 4.10 (b) shows a boost converter.
To analyze the operation of the boost converter, voltage and currents should be studied.
Nevertheless, Equation 4.17 and the following assumptions must be taken into account:
• The circuit has reached its steady state.
• The inductor current is always positive and periodic.
• The average inductor voltage is zero.
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• The capacitor is very large.
• The average capacitor voltage is zero.
• The output voltage is held constant at Vo.
• The power delivered to the load is the same as the power supplied (ideal compo-
nents).





According to Equation 4.19, if the switch is always open and D is zero, the output is the
same as the input. But if the denominator becomes smaller, the output becomes larger
than the input. The output is never less than the input. Equation 4.19 is based on the
assumption of ideal components. However, the minimum combination of inductance and





Furthermore, a non-ideal capacitance results in a ripple at the output voltage. The peak







4.5.1 Maximum Power Point Tracking
As SP and TEG output power changes with irradiation and temperature, performing a
search of the MPP is also mandatory; so that, total supply efficiency is further maximized
[73]. Maximum Power Point Tracking (MPPT) permits to obtain the maximum power
available from non-linear electrical power sources. In a EH system, tracking is done in
the power management unit (DC-DC converter). To maintain the source on its MPP,
the duty cycle of the converter is varied. MPPT tackles a set of techniques such as
Perturbate and Observe (P&O), Incremental Conductance (IC ), Parasitic Capacitance
(PC ) and Open Circuit Voltage [74, 75].
P&O method changes the source voltage causing a perturbation every single cycle. It
is the simplest method because does not need a-priory information about the source.
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Voltage and current measurements are used to calculate the output power and compare
with previous state. There is an increase in the duty cycle if the power decreases when
the voltage increases, and there is a decrease in the duty cycle if the power increases
and the voltage decreases [76]. Tracking is done following the perturbation. However,
the output voltage oscillates around MPP, generating a power loss.
The method IC does not require a-priory information either. This technique consists of
varying the voltage according to MPP by changing the instantaneous conductance. It can
track quicker than P&O, but it is more complex to implement. Similarly, PC considers
a parasite capacitance in the SP and with that information tracks MPP. It is used in
large SP arrays [77]. Constant voltage methods assume that the operating voltage at
the MPP does not vary significantly. In SP, MPP voltage is usually considered as 0.76
times the OCV [78]. However, this method does not consider rapid changes in radiation.
According to Equation 4.11, MPP voltage is considered half the OCV. Consequently,




Batteries are entities that convert the chemical energy directly into electric energy in
an electrochemical reaction. They are composed of one or more basic electrochemical
units (cells) connected in series or parallel according with the desired output voltage
and capacity. Each cell contains a negatively charged electrode (anode), a positively
charged electrode (cathode) and a ionic conductor (electrolyte).Figure 4.11 (a) presents
a battery with its internal components.
Figure 4.11: Battery (adapted from [36]) (a) internal components (b)
electrical model.
Charge transfer is made between anode and cathode via ions (anions and cations), being
the electrolyte its mean. The electrical model of a battery is shown in Figure 4.11 (b).
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It contains a voltage source (VB) which characterizes the OCV. VB depends on the used
materials and stored charge (Q). While Q decreases, VB also decreases. Then, a series
resistance (RS) models the equivalent resistance. Its value depends on the chemistry,
battery design and temperature.
Batteries are classified as primary or secondary according to the capacity of being
recharged. Primary batteries are a preferred option for long duration, low-discharge
current applications. Their lifetime can span from 3 to 20 years, but cannot be electri-
cally recharged. As a result, they must be replaced when depleted. The manufacturers
provide a discharge curve with a specific resistance as load to analyze their capacity. It
is defined as the total electrical charge that can be drained from a fully charged battery
and represents the number of hours that the battery can power a certain load [80]. The
lifetime is defined as the time required for the battery to self-discharge due to unwanted
chemical reactions while stored on the shelf. Also, the Depth of Discharge (DoD) mea-
sures the amount of energy extracted from the battery compared to its capacity. Primary





Alkaline batteries are used in everyday applications (remote controls and toys) for their
low cost. However, lithium based batteries provide higher voltages, energy density and
lifetime. In contrast, zinc-air and silver-oxide batteries have high internal impedance,
making them unsuitable for autonomous sensors.
Secondary batteries are used for portable devices because they can be electrically
recharged easily. The lifetime is defined as the number of charge/discharge cycles at
80% of its original capacity. They have higher initial cost, lower energy density but
maximize the cycle life. Secondary batteries can be divided in two main categories [81]:
• Lithium based (Li-ion or Li-Polymer).
• Nickel metal hydride.
Both categories require protection circuits due to their sensibility to overcharge and
over-discharge. However, among secondary batteries, Li-ion have the highest cycle life
lowest internal impedance and self-discharge percentage.
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4.6.2 Supercapacitors
Supercapacitors (or ultracapacitors) are often used for auxiliary applications. They
have higher capacities per unit area than that of a regular capacitor due to their large
superficial area compared to the molecular range. Its structure is shown in Figure 4.12
(a). Instead of having a dielectric between their plates, an ion absorption layer permits
the charge/discharge via ions [82]. The electrical model of a supercapacitor is presented
in Figure 4.12 (b), where C is the nominal value of the capacitor, RC is the equivalent
series resistance, and RLEAK represents the leakage current. This current passes through
a parallel resistance once the capacitor has been fully charged. The resistors RC and
RLEAK are relatively large causing a voltage drop and low leakage [83].
Figure 4.12: Structure of a supercapacitor (adapted from [84]).
Table 4.2 compares secondary batteries with supercapacitors. Supercapacitors energy
densities are one or two orders of magnitude lower than secondary batteries but present
lower series resistance, causing them to be more expensive.
Table 4.2: Comparison between secondary batteries and supercapacitors [36].
Feature Secondary battery Supercapacitor
Energy density [mWh/cm3] 100-500 1-10
Series resistance Tens to thousands of mΩ Units of µΩ - Hundreds of Ω
Leakage No Yes
Temperature range [K] 253.15 to 333.15 253.15 to 353.15
Cycle life [cycles] 300 to 1000 100000
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One of the tendencies to favor connectivity and information sharing among people and
entities is the transformation of regular cities into smart cities. The principle of enabling
physical objects to share information and make decisions without human interference
can be used strategically to manage urban spaces [85]. Therefore, remote sensing emerge
as the key element in the structure of the smart city environment. To guarantee such
transformation, it is required a continuous operation of sensors and devices that transfer
the information to a platform such as the Internet. Energy harvesting is proposed as an
alternative to power low-power devices up with ambient energy sources. Thermoelectric
energy harvesting uses the remaining thermal energy to produce electricity via TEGs
[86]. As a result, a TEG can be excited by the thermal energy of any process that
produces a temperature difference.
A study of TEH for an industrial temperature sensor is found in [87]. First, a TEG
module is characterized based on a finite element analysis model. The authors use a
heating device with adjustable temperature range, which reaches maximum temperature
gradients of 16K. With the TEG excited, a boost converter is used to manage the power
required for sensors. The output voltage of the thermoelectric module ranges around
35mV and 107mV, and 0.19mW to 1.51mW of output power. In [88], the authors propose
a thermoelectric energy harvesting system to run a microcontroller unit and a wireless
sensor node. The energy source is the difference between a controlled temperature heater
and a heat sink based on water. The prototype produces a minimum thermoelectric
open-circuit voltage of 62 mV and a minimum output power of 84 µW. Both prototypes
(from [87] and [88]) require a temperature control mechanism for the cold side.
The energy produced by industrial processes that involve ovens and boilers at high
temperatures can be used for EH. In [89] the authors use a gas heater as a heat source
and obtain enough electric power to charge a cell phone while cooking. The hot side
26
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of the TEG is on a conductive sheet in direct contact with the heat source, while a
metal heat sink is used on the cold side to maintain its temperature. A low input
DC-DC converter is connected to the terminals of the TEG to maintain the constant
voltage in the USB charger output. Thus, an average output power of 7.3W is achieved
with a temperature difference of 270K. That amount of power permits to maintain the
temperature on the TEG cold side with a cooling fan and still deliver power to the load.
However, this represents power losses because the TEG is being used to power the fan.
Also, a large heat sink is required to maintain the temperature at desired levels.
Some approaches have also shown that changes in ambient temperature and the inci-
dence of solar rays on the surface produce temperature differences in a thermoelectric
material. As a result, it is possible to provide energy to low-power environmental sensors.
In [90], a self-powered wireless sensor node for temperature measurement is presented.
The device is powered by a thermoelectric generator exposed to the ambient light. Tem-
perature differences less than 15K are achieved. The output power directly depends on
maintaining the cold side at ambient temperature, and that work reports the use of a
52x35mm2 metal heat sink for this purpose. With the selected temperature difference,
a maximum power of 500µW is harvested, which allows a maximum backup charging
time of 6h.
Another self-feeding temperature sensor is presented in [91]. Temperature differences
between the exterior and interior of a bedroom are used as a source of heat. The
authors create a model to estimate the available power using historical climate data
and to compare the real power delivered to the sensor. The room temperature is held
constant at 295.15K (22◦C) with the air conditioner. In a summer day, the harvester
delivers an average output power of 28.7 µW, enough to charge a supercapacitor and
power a sensor node with periodic temperature measurements and transmissions.
In [92], a 4-TEG harvester for WSN is presented. It maintains a temperature gradient
of 3K using ambient temperature as heat source. The TEH contains a cold temperature
control mechanism, which consists of a DC-motor water pump that requires an external
power source. Despite of the fact that they theoretical explore the possibility of using
PCM, the system is fabricated and implemented using water as thermal stabilizer.
In [93], variations in atmospheric temperature in a climate cabin are used to produce
a maximum temperature difference of 31K in a TEG module. The prototype produces
a maximum average power of 6mW and an overall energy conversion efficiency of 89%
with the DC-DC converter installed.
Pavements and streets also increase their temperature during the day while they are
exposed to solar radiation [94]. In [95], the authors present advances on the development
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of pavement thermoelectric technology. They study temperature differences produced
by the incidence of sun rays in pavements and ambient air to excite road thermoelectric
generators (RTEG). Using 0.9 cm2 RTEGs an output voltage of 0.4V is produced when
the temperature difference is 15K in winter. In summer, the output voltage is about
0.6–0.7 V, with a temperature difference of 25–30K. In tropical and subtropical regions,
larger temperature differences can be achieved [96].
Given the demonstrated potential of the TEGs, an array of multiple TEGs allows to
increase the power delivered by an TEH system. In [97], the authors propose a prototype
that consists of an array of 12 TEGs connected in both series and parallel. The hot plate
of the TEG is exposed directly to the incidence of solar rays, while the cold plate is on
cold water, acting as a heat sink. For both arrays, series and parallel, average powers
of 1.23W and 0.43W were obtained, respectively. When comparing the power of the
12 TEG array with 4 TEG under the same conditions, the power increases by 96% for
the array in series and 93.52% for the array in parallel. In [98], the authors present
an autonomous multisensor system for agricultural applications. It is powered by a
thermoelectric generator excited with the incidence of solar rays. To maintain the cold
side temperature, an aluminum heatsink is used achieving a maximum temperature of
308K and maximum TEG voltage of 200mW with 8K of temperature gradient. A low
voltage DC-DC converter charges a 1.65F supercapacitor.
One of the main disadvantages of using TEG as transducer is that it is necessary to
maintain the temperature difference to guarantee a greater conversion from thermal to
electrical energy. The incidence of solar rays is considered a hot temperature source for
TEG. This implies that the cold temperature must be maintained at appropriate levels.
Some solutions presented before use heat sinks, fans and even materials with dissipative
properties such as water. However, this increases the total area required for the EH
system. In addition, they are considered impractical solutions if desired to implement
in remote sensing. PCM keep their temperature constant during the phase change;
therefore, it is possible to use them as thermal stabilizers [99]. In [100], the authors
confirm the potential of the application of PCM as a cooling/heating media in TEGs.
They use a PCM with a melting temperature of 303.5K. During phase change, cool
side temperature increases by only about 1–1.5K, achieving maximum output voltage of
0.35V with 45mA current.
In [101], a double stage TEH with PCM is proposed. In the first stage, a TEG module
installed between a PCM heat sink, as cooling system, and an the heat source. Because
of the inherent characteristics of PCMs to save the thermal energy as latent heat, the
PCM heat sink is used as the heat source of the second stage TEGs. Five smaller TEG
modules are installed around the PCM with individual heat sinks for cooling with natural
Chapter 5. Related Work 29
convection. The second stage achieves maximum temperature differences of 100K, while
the first stage only achieves 87K. The results show the proposed TTEG system averagely
generates 27% more electrical potential than the one-stage TEG system. However, the
experiment is carried out with a laboratory heating device as heat source. For the case
of remote sensing, it required to evaluate if those temperature gradients are reached.
Hybrid collection systems also extend the life of WSN. In [102], a double source en-
ergy harvesting circuit is proposed. The authors demonstrate the integration of energy
extracted from a piezoelectric transducer and a thermoelectric generator. The PZT is
tested with a shaker and the TEG is modeled as a DC source with a series resistance.
The results show that the hybrid systems provide output voltage ranges of 3-4V deliv-
ering 450uW of power. Also, PV-TEG hybrid systems are commonly used. With the
principle that solar energy absorbed by the PV cell is not only converted into electrical
energy, but in thermal, they pretend to improve the output power combining two trans-
ducers. Thermal energy from the PV module is then utilized by the TEG. In [103], the
authors propose an alternative to improve the performance of a hybrid PV-TEG system.
The TEG is placed below an amorphous PV cell and the ceramic plates are eliminated
to enhance the heat transfer. To maintain the temperature differences, a recipient with
a mixture of ice and water is installed on the TEG cold side finding an average output
power of 21.60mW only for the TEG, and a maximum average power of 40mW for both
sources. However, the system presents efficiencies lower than 10%.
Finally, in [104] a hybrid energy harvesting system based on a solar panel and a TEG
arrangement using a parabolic dish solar concentrator is proposed. It is found by the
authors that the system is 38.65% more efficient than one that only contains solar panels
under solar concentration. However, the concentration scheme produces an undesired
increase on the solar panel temperature and the efficiency decreases.
Chapter 6
Proposed Approach
In this chapter, the methodology and proposed approach are exposed. First, transducers
used for the development of this research are characterized; that is, one commercial TEG
and one commercial SP of comparable size. Subsequently, the operating conditions of
the TEH scheme are established and its main components are explained. Finally, the
scalability of the scheme is evaluated using arrays of 2-TEG, 3-TEG and 4-TEG.
6.1 Characterization of Energy Transducers
Since the principle of TEG operation involves heat and electricity, the first step in
the process of using a TEG as an energy source comes with its characterization. This
permits to propose an equivalent electric model that can be used for simulations; so
that the analysis, design and performance evaluation with other electric components
can be carried out using SPICE-based software. To make a fair comparison with the
performance of TEG, a commercial SP with similar area is also characterized.
6.1.1 Thermoelectric Module TEC-12706
Two commercial thermoelectric generators, SP1848 [105] and TEC-12706 [106], are con-
sidered for the TEH prototype. Both modules present 16cm2 of area. According to the
manufacturer, the Seebeck coefficient is 53mV/K for TEC-12706, while only 22.22mV/K
for SP1848. Considering that the voltage is directly proportional to the Seebeck coef-
ficient; that is, at greater α more power is obtained, TEC-12706 module is selected for
characterization.
30
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A design of experiments is proposed to validate the TEG electrical model presented in
Figure 4.4. The purpose is to estimate the parameters involved on the transduction
process. First, the TEG is tested at several temperature differences and measurements
of OCV and temperature gradient are taken to estimate the Seebeck coefficient from
Equation 4.4. The voltage is measured with an Amprobe 37XR-A multimeter. The cold
side temperature is measured with a Fluke 80BK-a K-type thermocouple and the hot
side temperature is measured with a Fluke 63 Mini Infrared Thermometer. A metal
plate is placed on top of the TEG hot plate and is excited with a heat gun. To maintain
the cold plate temperature, a heatsink with a cooling fan is installed. Figure 6.1 shows
the testbench configuration.
Figure 6.1: Experiment configuration from TEG parameters estimation
The temperature gradient is calculated according to Equation 4.3. The experiment
evaluates temperature differences of 20K, 30K, 40K and 50K; and for each temperature
difference, 200 measurements are taken. The Seebeck coefficient is experimentally calcu-
lated using Equation 4.4, finding an average α of 52.738mV/K with a standard deviation
of 1.976mV/K. With confidence intervals of 95%, the true mean Seebeck coefficient is
between 52.592 mV/K and 52.885mV/K.
Then, it is necessary to validate estimate the TEG series resistance. According to Figure





Thus, solving Equation 6.1 for RE , the series resistance is





Measurements of output voltage, current and temperature gradient are taken for a fixed
1Ω load. This selected value in based on an estimated value of the series resistance pro-
vided by the manufacturer according to the semiconductor material of the TEG [106].
The actual series resistance can deviate from the given specification when considering
contact resistances between the semiconductor and the ceramic plates. The 1Ω-load re-
sistance was chosen to match the theoretical series resistance and maximize the observed
output power. Hence, the OCV is calculated with the previously estimated α and with
1.000 measurements of ∆T . Temperature gradients are varied from 10K to 50K with
10K steps. Then, using Equation 6.2, the average series resistance, RE , is refined to
1.536Ω with a standard deviation of 0.033Ω. With confidence intervals of 95%, the true
mean series resistance is between 1.534Ω and 1.538Ω.
Now, with the estimated α and RE , it is possible to construct V-I and P-I curves as
shown on Figures 6.2.
Figure 6.2: TEG characteristic curves constructed with validated parameters (a)
V-I curve (b) P-I curve.
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In addition to the V-I and P-I curves, the theoretical P -∆T and η-∆T are constructed
(see Figure 6.3). These characteristics are important since it is expected to determine the
operating conditions to propose the TEG as an alternative to the use of SP. According to
Figure 6.3 (b), for a target efficiency of 20% (good quality SP) a minimum temperature
gradient of 26.31K is required. It should be noted that for efficiency calculations, it is
used a radiation of 1000W/m2. This radiation corresponds to the STC used to evaluate
the performance of SPs.
Figure 6.3: Curves constructed for temperature gradient selection (a) MPP-∆T
curve. (b) Efficiency-∆T .
6.1.2 Solar Module 2V-50mA
Two different commercially available solar panels are evaluated in Table 6.1. Both
modules exhibit the same theoretical efficiency at STC and their output power is below
1W.
Table 6.1: Comparison between polycristalline SPs [107, 108].
Solar Panel Area [cm2] Pm [W] η [%]
5V-SP 80 0.8 14
2V-SP 20.25 0.1 14
The output power characteristic makes both of them suitable for powering an low-power
device. However, the 5V-SP presents an increase of 400% of the TEG area while the
2V-SP presents only 26.56%. To make a fair comparison with the TEH system, the
2V-SP module is selected for characterization. Figure 6.4 shows the polycrystalline SP
of 100mW. The main electrical specs are summarized in Table 6.2.
Unlike the TEG, the parameters of the electric model presented in Figure 4.7 for SP
directly depend on the stochastic nature of radiation. Therefore, an experimental ap-
proximation of the model is impractical in an uncontrolled environment.
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Figure 6.4: Selected SP for comparison.
Table 6.2: SP main parameters [107].
Spec Value Description
VOC 2.2V Open circuit voltage
ISC 55mA Short Circuit current
VMPP 2V MPP voltage
IMPP 50mA MPP current
PMPP 100mW Maximum power point
η 14% Efficiency at STC
The parameters provided by the manufacturer are used to construct the I-V and P-V
curves using the STC. Considering that the equivalent electrical model is defined by
non-linear elements, the characterization is limited by the difficulties to solve Equation
4.13 using analytical models. Several algorithms have been developed for solving this
equation with numerical techniques [109]. In addition, certain approximations are used
to solve the non-linear equation. For example, Esram algorithm assumes that the slope
of the I–V curve at VOC and ISC is controlled by the series and shunt resistance. With
Newton-Raphson technique, the equations derived from the assumptions are solved to
find the parameters of the equivalent model [110]. A method for finding RS and RSH
is proposed in [111]. It is based on the fact that there is only one pair of resistances
that satisfies the MPP. On the other hand, in [112], the authors use the coordinates of
four arbitrary points of the characteristic I–V curve and their slopes to estimate the five
parameters of the solar cell single-diode model. This method does not require numerical
techniques but requires a priori information of the I-V curve.
For this approach, the superposition technique is used [113]. It consists on the assump-
tion that IL can be approximated to ISC . Then, the I-V curve is the superposition of
two curves. One of them is produced by the constant current source ISC (see Figure 6.5
(a)), while the second one is the I-V curve for the diode considering two conditions.
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Figure 6.5: Approximation of the I-V characteristic curve (adapted from [113]).
(a) Constant current source (b) Diode I-V curve. (c) I-V approximated curve.
First, that at VOC , the current flowing by the diode is equal to ISC (see Figure 6.5 (b)).
Second, that at the MPP voltage, the current flowing through the diode is ISC − IMPP .
As a result, the I-V curve becomes the one shown in Figure 6.5 (c). The diode equations
derived from the previous assumptions (Eq. 6.3 and Eq. 6.3) permits to obtain the







Then, the I-V curve is constructed in Matlab using Equation 4.13 (see Figure 6.6).
Figure 6.6: Approximated I-V characteristic curve (constructed in Matlab).
(a) I-V curve (b) P-V curve.
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The simulated conditions are summarized in Table 6.3. In addition, it includes the error
percentages of the model according to the data delivered by the manufacturer. For all
the simulated values, the error percentage is below 10%.
Table 6.3: Parameters of the approximation of SP model.
Spec Simulated value Error Percentage [%]
VOC 2.37 V 7.72%
ISC 54.9 mA 0.18%
VMPP 2.01 V 0.5%
IMPP 51.7 mA 3.4%
PMPP 104.3 mW 4.3%
6.2 Establishment of TEG Operating Conditions
For this work, it is proposed to use the sun as energy source that provides the heat gra-
dients for the TEG. Thus, characterization of the solar radiation pattern is important
for the development of the unit. This experiment is carried out in the city of Barran-
quilla, Colombia (LAT 11.0 N, LONG 74.8 W), and according to agencies worldwide,
the energy potential of the geographical area to about 6 PSH [13]. Also, according to the
results presented in Section 2.1, the highest radiation estimates are present in Ranges V
and VI, which are the targeted hours for TEH. To improve the heat concentration from
the solar rays, a metal plate of 16cm2 is attached to the TEG hot side (see Figure 6.7).
Figure 6.7: Metal plate for TEG hot side. (a) Metal plate. (b) TEG with
metal plate.
Thus, temperature measurements are taken each two minutes from 9AM to 3PM during
five days, according to the selected ranges. The days were chosen in the same week
without considering the climatic conditions of each day. A Fluke 80BK-a K-type ther-
mocouple is used for this purpose. Figure 6.8 shows the temperature increasing during
the selected ranges when the metal plate is excited by the sun rays.
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Figure 6.8: Hot plate temperature during the day.
Then, it is found that the average temperature is 334.017K(60.867◦C) with a standard
deviation of 1.132K. Also, Table 6.4 presents average temperature, standard deviation
and confidence intervals for each day.
Table 6.4: Confidence intervals for mean hot temperature.
Day Mean Stnd. deviation Lower limit Upper limit
1 333.995 1.07009 333.838 334.153
2 334.058 1.18444 333.883 334.232
3 334.01 1.13229 333.843 334.176
4 333.974 1.17535 333.801 334.147
5 333.704 0.704167 333.6 333.807
It is important to note that the hot plate temperature does not require any type of
mirror and/or magnifying glass. For the cold plate, it is required to set a minimum
temperature up to 307.70K (34.55◦C) given the measurements presented in Figure 6.8
and the expected efficiency of Figure 6.3. Thus, with lower cold side temperatures, the
TEG output power can provide a TEG efficiency higher than 20%. The goal is to show
that the TEG minimum efficiency is at least as good as high-quality SPs.
The challenge is that given the natural conduction between the TEG hot and cold
plates, there exists the tendency of the cold-plate temperature to increase if it is not
well regulated; which in turns decreases the temperature difference; and therefore, the
power delivered by the module.
Thus, it is necessary to establish a mechanism to keep the temperature difference at the
expected values maintaining the expected available power. Even though cooling fans or
other active strategies can be used, the power drawn from the TEG makes this approach
not energetically appealing for low-power applications.
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A particular dissipative material must be attached to regulate the cold plate at the
required temperature to maintain ∆T , but the advantage in this thesis is that such
temperature regulation is obtained by passive means such as phase change material, as
envisioned in Section 4.3. The use of PCM in this work is described in Section 6.2.1.
Table 6.5 summarizes the estimated parameters associated with the TEC1-12706 and
its expected operating conditions.
Table 6.5: TEG main parameters [106].
Parameter Value Description
Area 16cm2 Dimension of the TEG
A 52.592mV/K Seebeck coefficient
RE 1.536 Ω Electrical Resistance
∆T 30K Temperature gradient
6.2.1 Phase Change Material Preparation
Considering that is required to maintain a maximum cold side temperature of 307.70K,
a commercial paraffin wax is used as thermal stabilizer. It presents a melting point range
of 302.15 (29◦C) – 309.15K (36◦C). The main properties delivered by the manufacturer
are summarized in Table 6.6.
Table 6.6: PCM main properties [114].
Properties Value
Melting point [K] 302.15 - 309.15
Heat store capacity [kJ/kg] 160
Specific heat capacity [kJ/kg*K] 2
Density solid [kg/l] 0.86
Density liquid [kg/l] 0.77
One of the main disadvantages of using this material is the volume expansion during
its phase change. The volume increases approximately 10% from solid to liquid. As the
PCM is located below the TEG, there is a possibility that the PCM does not adhere to
the TEG cold plate, because of the gravity effect, and the cooling mechanism does not
work. Consequently, it is proposed to encapsulate the PCM in a metal cube.
Also, to guarantee that the cold side temperature does not surpass the limit for minimum
efficiency; that is, the PCM does not surpass the melting temperature, a volume of 64cm3
of PCM is encapsulated. For this purpose, the PCM is placed in solid state in a beaker.
Afterwards, it is melted in a laboratory water bath and the liquid is placed completely
in the container (see Figure 6.9).
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Figure 6.9: PCM encapsulating preparation (a) Laboratory water bath (b) PCM in
liquid state.
When the PCM solidifies, the encapsulation is sealed. A total amount of 55g of PCM is
placed inside a cubic container located under TEG as is presented in Figure 6.10.
Figure 6.10: Experimental setup. (a) PCM container (b) General assembly
drawing.
The encapsulated phase change material pretends to tackle the problem of keeping the
cold side of the TEG at the proper temperature. Experiments with this material and
the obtained results are explained in Section 7.1.
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6.2.2 Temperature Gradient Conditions
The TEG is tested at the incidence of solar rays to estimate the actual temperature
gradient range during the selected ranges. The testbench for this experiment is presented
in Figure 6.11, which consists of a the metal plate on the TEG hot side, and encapsulated
PCM on the cold side.
Figure 6.11: Testbench for PCM.
Measurements of TEG cold and hot side are taken each 3 minutes in a span of 5 days.
Both temperatures are measured with a K-type thermocouple connected to a microcon-
troller to store the data during the day and to collect it when the test finishes. A set of
600 data are considered of each variable.
Equation 4.3 allows to estimate the actual temperature gradient experienced by the
TEG with the measurements. Then, it is possible to analyze the temperature gradient
behavior during the day. Figure 6.12 (a) presents the temperature gradient experienced
by the TEG during selected ranges. In a general way, the temperature increases during
the morning and decreases from 1pm due to internal conduction of the TEG.
Also, the expected output power is calculated using Equation 4.12 with the temperature
measurements. The estimation for each day is presented in Figure (b). Considering the
temperature gradient profile described in Figure (a), the expected power during the day
is higher than 200mW. Comparing those results with the 20% target for solar panels,
a minimum power of 268mW should be harvested. It uses the average radiation from
Table 2.1.
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Figure 6.12: Operating conditions for TEG. (a) Temperature gradient during the
day (b) Expected output power.
A statistical analysis of the data is performed. It is found an average temperature
gradient of 31.82K with a standard deviation of 1.703K. Confidence intervals of 95%
indicate that the true mean temperature gradient is between 31.6113K and 32.0446K
for the selected ranges. Also, Table 6.7 presents average temperature gradients, standard
deviation and confidence intervals for the mean considering each day. It should be noted
that the mean ranges from 29.75K to 33.04K and the standard deviation goes from 0.83K
to 1.51K. Confidence intervals indicate that the mean average temperature difference is
higher than the 26.31K expected.
Table 6.7: Confidence intervals for mean temperature gradient.
Day Mean Stnd. deviation Lower limit Upper limit
1 33.04 1.51 32.77 33.31
2 30.61 0.75 30.47 30.74
3 30.57 1.24 30.35 30.79
4 28.17 1.49 27.90 28.44
5 29.75 0.83 29.42 29.72
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To calculate the expected energy, the area under the output power curve is approximated
using the trapezoid method. Thus, during the six-hour time-frame, the expected average
power and energy are listed in Table 6.8.
Table 6.8: TEG expected power and energy.
Day Average radiation Average Power Average Energy
1 890.37 W/m2 495.2mW 2.9505 Wh
2 751.97 W/m2 424.3mW 2.5266 Wh
3 783.36 W/m2 423.8mW 2.5254 Wh
4 594.25 W/m2 360.3mW 2.1455 Wh
5 682.49 W/m2 396.1mW 2.3578 Wh
In 3 of the considered days, the average radiation during the day is greater than that
shown in Table 2.1 for Ranges V and VI. While the average radiation is slightly lower
for the remaining 2 days. It is expected that the days with the highest radiation, have
a higher average power and harvested energy. Furthermore, average harvested energy
surpasses 2Wh.
6.3 TEG Model Validation
Taking into account the operating conditions described in Section 6.2 and the average
ambient temperature of the city of Barranquilla, Colombia; a model validation is pro-
posed for an expected temperature gradient of 31.82K. For this, the electrical model is
constructed in LTSpice with the refined parameters. The V-I and P-I curves are shown
in Figure 6.13 (a).
Figure 6.13: TEG curves for the selected operating conditions (simulated data).
(a) I-V and P-I curves (b) P-RL curve.
In addition, the P-RL curve was constructed and presented in Figure 6.13 (b). It shows
that for the selected temperature gradient, a MPP of 407.3mW is achieved with an
optimum load resistance equal to the series resistance, that is 1.536Ω. This agrees
with the maximum power point theorem. Table 6.9 summarizes the theoretical MPP
conditions.
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Table 6.9: Theoretical MPP conditions.
Parameter Value
VMPP [V ] 0.7911
IMPP [A] 0.5149
PMPP [W ] 0.4073
RL[Ω] 1.536
Due to the amount of experiments needed to experimentally validate the model, a
stochastic analysis is performed to evidence the changes that would occur in the output
power and voltage due to the variation in the internal parameters and operating condi-
tions. The variables considered by the experiment are MPP and voltage at MPP. The
Montecarlo simulation used the confidence intervals calculated in Section 6.1.1 and 6.2
for α, RE and TH . For this case, 30.000 runs are considered.
6.3.1 Validation of Maximum Power Point
The MPP average and standard deviation of the 30.000 experiments are calculated. An
average MPP of 434.834mW with a standard deviation of 45.424mW is found. Thus, for
the claim of 20% minimum efficiency, the output power has to be 268.87mW, given the
TEG area and the average radiation for Ranges V and VI (see Table 2.1). However, the
minimum registered power is 277.734mW for 20.67% efficiency. In addition, statistical
validation is performed for a 30% mean efficiency; that is, for a 403.060mW output
power. The situation is presented as follows:
• H0: The mean MPP is equal to or less than 403.060mW.
• H1: The mean MPP is greater than 403.060mW.
Given the sample mean and standard deviation, the Z statistic is computed and the
P -value for the test is found less than 0.05. Then, the null hypothesis is rejected at
the 95.0% confidence level. This implies that, with a 95% confidence, the mean output
power is more than 403.060mW. In turn, analyzing the confidence intervals for the mean
output power, it is obtained that with 95% confidence, this is between 434.32mW and
435.348mW.
6.3.2 Validation of Voltage at Maximum Power Point
In addition, as an input spec for the later sensor power management unit design, the
MPP voltage mean and standard deviation of the 30.000 experiments are calculated. A
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mean MPP of 816.072mV with a standard deviation of 41.671mV is found. Analyzing
the confidence intervals for the mean output voltage, the results are between 815.5mV
and 816.543mV, with 95% confidence.
6.4 Prototype Description
Once the TEG is modeled and validated, and the passively-regulated thermal strategy
demonstrated, the TEH prototype is designed. The system block diagram consists of
one TEG (with the related attached components in both hot and cold sides), a DC-DC
converter that provides output ports for a rechargeable battery, and load (see Figure
6.14). The different components are encased in a rectangular package. Given that the
TEG and PCM approach has been discussed previously, the complementing blocks are
described next.
Figure 6.14: Prototype block diagram.
6.4.1 Power Management Unit
Given the TEH available power, a DC-DC converter is included to manage the circuitry
and on-board battery. Different energy harvesting converters are evaluated in Table
6.10. To guarantee an overall efficiency over 20%, the key criterion for selecting the
converter is the efficiency.
According to the manufacturer, with the operating input voltage (see Table 6.9), the
efficiency of ADP5091 does not surpass 80%. As a result, a minimum efficiency of 25%
must be fulfilled by the TEG. On the other hand, the efficiency of LTC3105 ranges
between 80% and 90% in the selected input voltage. Also, the operating voltage is
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Table 6.10: Comparison between different DC-DC converters [115–117].
Converter Application Input voltage [V]
ADP5091 Piezoelectric, solar, thermoelectric 80m-3.3
LTC3105 Solar, thermoelectric 200m-5
LTC3108 Thermoelectric 20m-500m
higher than the input voltage for LTC-3108. As a result, an LTC-3105 development
board from Linear Technology (Analog Devices) is selected for this purpose (see Figure
6.15 (a)). The development board includes a battery charger that regulates the charging
process and preserves battery life. Thus, it limits the voltage across the battery to 3.7V,
monitors the end-of-charge the minimum battery voltage and avoids the over-discharge.
Figure 6.15: LTC3105 DC-DC converter (a) Spice model from simulation (b)
Development board.
The selected board contains a synchronous boost converter that operates from 250mV
to 5V. Figure 6.15 (b) presents the SPICE model for the validated TEG source, DC-DC
converter and a variable load. Using the parameters recommended by the manufacturer
[116], a resistor divider is connected between the VOUT and FB pins to program the








According to Equation 4.11, the MPP voltage is considered half the OCV [118]. Also, it
has been validated in Section 6.3.2 that the mean MPP voltage is between 815.5mV and
816.543mV with 95% confidence. With this variation, there is no need to implement
an MPPT algorithm, but to use and fix with the TEG mean MPP voltage. Thus,
with the information of Section 6.3 about MPP conditions and current suggested by the
manufacturer, the MPPT resistor is calculated as





The MPPT resistor is connected between MPPC and GND, as shown in Figure 6.15.
Also, a 10µF decoupling capacitor is connected between Vin and GND. SHDN pin is
always open to maintain the converter enabled by an internal pull-up resistor. Pgood
is an open-drain output that indicates when the converter has achieved Vout. For this
approach, the Pgood pin is disconnected and LDO pin is not used. A 1µF capacitor is
connected between AUX and GND. A 10µF is connected between this pin and GND
to control the ripple output voltage according to Equation 4.21. Also, an inductor is
connected between SW and Vin according to Equation 4.20.
The transient operation of the DC-DC converter is evaluated via simulation with the
MPP load connected to Vout. Considering the data delivered by the manufacturer, Figure
6.16 presents a typical start-up sequence. During start-up, the AUX output is initially
charged. When either Vin or AUX is greater than 1.4V, the converter enters normal
operation until reaching the targeted value of Vout meanwhile MPP remains constant.
Figure 6.16: LTC3105 DC-DC converter transient response from LTSpice.
The proper operation of the DC-DC converter is also evaluated. For that purpose, load
resistances range from 40Ω to 1.5kΩ to ensure that the DC-DC converter can deliver
the required power while maintaining the output voltage. It is found that the converter
delivers a maximum output power of 420.38mW. Therefore, the efficiency of the DC-DC
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Using statistical validation from the simulated results obtained for the range of load
resistors, the average efficiency is found to be 81.8276% with a standard deviation of
2.98%. Based on the desired results, the situation is presented as follows:
• H0: The mean efficiency of the DC-DC converter is equal to or less than 80%.
• H1: The mean efficiency of the DC-DC converter is greater than 80%.
With a P-value of 0.016 the null hypothesis is rejected with 95% confidence. The simu-
lated efficiency mean is between 80.1773% and 83.4779% with 95% confidence.
6.4.2 Load: Case Study of EFM32 microcontroller
As commented in Chapter 2, an remote sensing application requires a low power micro-
controller. To make an estimate of the TEH energy budget, theoretical power consump-
tion of a low-power microcontroller is used. Thus, an EFM32 Happy Gecko Evaluation
Board (from Silicon Labs) can be evaluated for that purpose. The EFM32 is a 3.3V ultra-
low power and easy-to-deploy device that demands a power consumption in both active
and sleep modes of 528µW and 1.98µW, respectively. The evaluation board contains
an on-chip SI7021 environmental sensor that measures from 233K (−40.15◦C) to 358K
(84.85◦C) temperature and 0% to 80% relative humidity. A RN2483 LoRa transmitter
can be used as radio transceiver. Using the parameters reported by the manufacturers,
an initial energy budget is constructed and summarized in Table 6.11.
Table 6.11: Energy budget for TEH [119, 120].
Component Average Power Duration Consumed energy per day
Temperature sensor 720µW 20ms 691.2µWh
Humidity sensor 480µW 20ms 460.8µWh
µC (processing) 528µW 3s 76.032µWh
µC (shut-off mode) 66nW 1597s 5.095mWh
Radio transceiver 132mW 150ms 950.4mWh
For this approach, it can be proposed to carry out the environmental variable mea-
surements and sending the data info every 30 minutes. The budget contemplates data
reading, processing, sending and microcontroller shut-off mode. Thus, a total energy of
1032.643mWh is needed by the complete unit during the 24-hour time span. In Ranges
V and VI, the TEH must be able to power up the system with 258.161mWh and store
the remaining energy. Therefore, outside those ranges, a storage system must provide
774.482mWh for continuous operation. Table 6.11 shows that the required peak power
is not superior to the peak power that the TEH can provide.
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It should be noted that the energy budget presented in Table 6.11 represents a theoretical
estimate based on the data delivered by the specs of the development board and radio
transceiver.
6.4.3 Energy Storage
Storage units can be employed to complement the operation of TEH when the main
source (solar radiation) is not available, such as nighttime. To properly size the required
storage unit; first, the expected average power and energy must be considered (see
Table 6.8). Then, with the validated internal parameters and the measured temperature
gradient from Section 6.2.2, the MPP is calculated using Equation 4.12. Considering the
estimated power consumption for the microcontroller, environmental sensor and radio
transceiver; secondary batteries and supercapacitors are evaluated as options. Secondary
batteries energy densities are one or two orders of magnitude higher than supercapacitors
but present higher series resistance. Thus, considering initially a capacitor, the stored





then, to maintain a depth of discharge of 50% and to provide the required energy outside
Ranges V and VI, the supercapacitor capacity should be twice the required energy, that
is 1,936.2Wh (6,970.32J). Since supercapacitor voltages usually vary from 2.2V to 3.3V,
then using the maximum voltage, a capacitance of 1,280.1F would be required. As
a result, a supercapacitor is not a practical option as storage unit given the energy
capacity requirements for the sensor. It is important to note that a 50% DoD is initially
considered to have a proper trade-off between energy storage and battery lifetime [121].
Therefore, among secondary batteries, lithium-based batteries are most widely used
for portable and space-constrained devices. These present capacities less than 1Ah
and operate up to 20 years over a wide temperature range. Thus, for the required
1,936.2Wh, outside Ranges V and VI, a 3.7V 550mAh Li-Po battery meets the required
energy specification. Since the battery capacity is 2.035Wh, a first-order approximation
indicates that the sensor is operating with a 53.41% DoD, which indicates that the
battery lifetime is slightly improved.
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6.5 Arrays
It is desired to evaluate the energy density and efficiency of TEG arrays connected
thermally in parallel. Different TEG units and types of electrical configuration are
theoretical evaluated and simulated. The validated parameters of Section 6.1.1, α and
RE , and the operating conditions from Section 6.2.2, ∆T , are used to model the TEGs.
6.5.1 2-TEG array
Having two TEGs, only two types of electrical configuration can be performed: series
and parallel connection (see Figure 6.17).
Figure 6.17: 2-TEG array (a) Series connection (b) Parallel connection.
First, a theoretical analysis is carried out to calculate the OCV and series resistance for
the array, and to present an equivalent model according to Figure 4.4. The results are
shown in Table 6.12
Table 6.12: 2-TEG theoretical results
Connection OCV(ARRAY ) RE(ARRAY )
Series 2VOC 2RE
Parallel VOC RE/2
It should be noted that VOC and RE represents the OCV and series resistance of only
one TEG. Then, A spice-based simulation is performed in SPICE with fixed internal
parameters. The purpose is to evaluate the MPP delivered by the array, MPP voltage,
and the efficiency. Table 6.13 presents the simulated results. Average radiation in
Ranges V and VI is still taken for the efficiency calculation. Also, the considered area
is 32cm2.
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Table 6.13: 2-TEG simulated results
Connection MPP [mW] VMPP [V] RMPP [Ω] η[%]
Series 0.8146 1.5822 3.072 30.31
Parallel 0.8146 0.7911 0.768 30.31
Assuming that the two TEGs experience the same temperature difference, the total
power of both arrays (series and parallel) is equal to twice the power of a single TEG.
However, the conditions of VMPP and the series resistance do vary. For the case of a
serial connection, VMPP and RMPP are twice the values for one TEG, while for a shunt
connection VMPP is equal to that of a single TEG and the series resistance is half RE .
The differences between VMPP and RMPP are due to the equivalent models used for the
simulated arrays (see Figure 4.4).
In addition, to be capable of powering a load up, the arrangement must be coupled
with the DC-DC converter, but its efficiency also depends on the input voltage. In the
case of LTC3105, the efficiency increases according to the input voltage, therefore it is
expected that the arrangement with TEG in series has greater overall efficiency. Section
7.4 evaluates the overall efficiency of both arrays via simulation.
6.5.2 3-TEG array
With an array of 3 TEGs, 4 types of connection can be evaluated. Figure 6.18 shows
the possible combinations.
Figure 6.18: 3-TEG array (a) Type-1 connection (b) Type-2 connection (c) Type-3
connection (d) Type-4 connection.
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Then, a theoretical analysis is carried. This permits to analyze the theoretical behavior
of the array with the electrical models from Figure 4.4 and the validated parameters
from Section 6.1.1. Using circuit analysis techniques and Thevenin’s theorem, OCV and
series resistance are obtained for the 4 arrays presented in Figure 6.18. The results are
shown in Table 6.14
Table 6.14: 3-TEG theoretical results





Also, the arrays are simulated using LTSpice. Table 6.15 presents the conditions for the
MPP assuming that all are exposed to the same temperature gradient. From the results,
Type-1 and Type-2 configurations present the highest conversion efficiency in an area of
48cm2.
Table 6.15: 3-TEG simulated results.
Connection MPP [W] VMPP [V] RMPP [Ω] η[%]
1 1.22 2.373 4.608 30.27
2 1.22 0.791 0.512 30.27
3 1.08 1.055 1.024 26.79
4 1.08 1.582 2.304 26.79
Although Type-1 and Type-2 have the same generation efficiencies, they have differences
in the VMPP and RMPP . This affects the overall efficiency of the other components that
must be added to the system. The same situacion is presented in Type-3 and Type-4
arrays. Section 7.4 evaluates the overall efficiency of all arrays via simulation, including
the coupling with the DC-DC converter.
6.5.3 4-TEG array
For the analysis of 4-TEG, the 7 configurations evaluated in [122] are selected and
presented in Figure 6.19. In addition, the Type-7 configuration is added (see Figure
6.19 (g)) for a total of 8 possible combinations. The results of the theoretical analysis
for the array are shown in Table 6.14. With those results, the arrays are modeled
as a voltage source, OCV(ARRAY ), with a series resistance RE(ARRAY ). However, the
simulation is carried out by coupling equivalent models for each TEG.
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Figure 6.19: 4-TEG array (adapted from [122]) (a) Type-1 connection (b) Type-2
connection (c) Type-3 connection (d) Type-4 connection (e) Type-5 connection (f)
Type-6 connection (g) Type-7 connection (h) Type-8 connection.
Table 6.16: 4-TEG theoretical results
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The differences with theoretical OCV(ARRAY ) and series resistance are due to the elec-
trical models used and how they are affected by the connections of the arrangements.
Table 6.17 presents the simulated results in LTSpice for MPP and efficiency of the 8
combinations, assuming a total area of 64cm2.
Table 6.17: 4-TEG array results.
Connection MPP [W] VMPP [V] RMPP [Ω] η[%]
1 1.629 3.164 6.144 30.31
2 1.222 1.185 1.152 22.70
3 1.629 0.791 0.384 30.31
4 1.629 1.581 1.536 30.31
5 1.222 1.567 2.048 22.70
6 1.629 1.581 1.536 30.31
7 1.466 0.949 0.614 27.27
8 1.466 2.373 1.627 27.27
Type-1, Type-3, Type-4 and Type-6 present less power losses due to the series resistance
(see RE(ARRAY ) in Table 6.16); and therefore have the highest conversion efficiency. This
agrees with the results presented in [122]. Also, for the 20% efficiency target, a minimum
MPP should be 1.11W. For all the configurations, the MPP surpasses the target and
with all the assumptions, 4-TEG arrays still present higher efficiency conversion than




This chapter presents report evaluations for the proposed TEH scheme. First, the tem-
perature gradient of the proposed TEH system is compared with the one evidenced by
a TEG with a metal heat sink. Then, the TEG is compared with a photovoltaic so-
lar panel to carry out performance tests of delivered power and efficiency. It includes
tests about the behavior of the DC-DC converter with different load resistances. All
statistical analyzes are performed using Statgraphics Centurion 18 software.
7.1 Comparison Between Phase Change Material and Metal
Heat Sink
Considering the different cooling methods for SP and TEG exposed in [123] and [124],
it is proposed to compare the performance of the chosen PCM with a metal heatsink.
Thus, a design of experiments is carried out consisting on two TEG exposed to the same
heat source (the sun), one of them fitted with a 1.5cm fin metal heatsink while the other
with the encapsulated PCM. Figure 7.1 presents the testbench for both TEG.
Figure 7.1: Testbench for heatsink (left) and PCM (right).
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For this, the temperature in the plates of both TEGs are measured with K-type thermo-
couples. Then, the temperature difference is calculated using Equation 4.3. The results
of the temperature difference in two days are presented in Figure 7.2. As observed;
in both experiments, the temperature gradient at the end of the day is higher for the
PCM case, which indicates that the system has been thermally regulated with a passive
scheme. It is important to note that in situations with radiation over the average, when
it is expected to harvest the most energy, the testbench with the heatsink is unable to
maintain the temperature gradient as heat transfers from the hot plate to the cold side
reducing the electrical output power accordingly. The prototype with heatsink could
only be used with solar radiations below the average which is clearly inefficient.
Figure 7.2: Measurements of of ∆T during the day
Using statistical validation from the measurements, the average temperature gradient
is found to be 31.827K with a standard deviation of 1.704K for the PCM testbench.
On the other hand, the average temperature gradient is found to be 30.31K with a
standard deviation of 0.9724K for the heatsink testbench. In addition, hypothesis test is
performed for the difference of means for both experiments. The situation is presented
as follows:
• H0: The difference between means µPCM - µheatsink is equal to or less than 1K.
• H1: The difference between means µPCM - µheatsink is more than 1K.
Chapter 7. Experiments and Results 56
In the hypothesis test, µPCM is the true mean ∆T for the PCM testbench and µheatsink
is the true mean ∆T for the heat sink. Given the sample means and standard deviations,
the computed Z statistic equals 3.44502. Since the P -value for the test is less than 0.05,
the null hypothesis is rejected at the 95.0% confidence level. The confidence bound
shows that the values of the difference between means supported by the data are greater
than or equal to 1.32241K. Also, confidence intervals for µPCM show that the true mean
∆TPCM is between 31.6108K and 32.0443K.
7.2 Comparison Thermoelectric Generator and Solar Panel
As stated, one goal of this work is to propose the use of TEG as a better alternative
to solar panels for powering up outdoor sensor and devices. This section focuses in the
available power given a defined transducer area, and this metric is defined as efficiency.
The purpose is to demonstrate that given the same transducer area, the TEG exhibits
higher efficiency than that of a SP within solar radiation Ranges V and VI. It is important
to note that to have a fair comparison, dirt and temperature effects in SPs that lower
their efficiency are not considered. Figure 7.3 compares dimensions of both devices.
Figure 7.3: Dimension comparison between TEG (left) and PV panel (right).





Thus, an efficiency of 5.88% is obtained considering the average solar radiation value
for the Range VI (see Table 2.1). Such efficiency value can be explained because the
SP found is a low-cost device; however, it serves as reference for the present analysis.
In any case, this work also considers a 20% efficiency reference as metric exhibited for
good quality SPs.
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Notice that the TEG area equals 16cm2; then, given the average solar radiation value
for the Range VI (see Table 2.1), the maximum output power potential would be 1.34W
(η = 100%); however, for the 20% efficiency target, the expected power output from
the TEG should be at least 268mW. Since the TEG testbench is already set up (metal
plate, heat sink and dissipative material), and the range of temperature gradients has
been established (Figure 6.12), the efficiency is estimated from temperature, current
and voltage measurements using the testbench presented in Figure 6.1 the optimum
resistance found in Sections 6.1.1 and 6.1.2. As described, the TEG and the solar panel
are exposed to the same energy source, and maintaining the initial temperature of the
TEG cold plate is the key for maximization of its power output. Table 7.1 summarizes
the efficiency estimates revealing that the performance hypothesis is fulfilled, and the
use of a TEG as power supply as better option than SPs is demonstrated.
Table 7.1: TEG efficiency with optimum RL.





For temperature differences above 30K, the efficiency exceeds that presented by any
commercial solar panel. Although a temperature difference of 40K has an efficiency of
46.4%, it is not possible to obtain those operating conditions with the radiation levels
and hot plate temperatures. Even so, if a PCM with lower phase change temperature is
used, it melts in contact with the ambient temperature and must be thermally insulated
with another mechanism. Those conditions are not considered for this approach.
7.3 Thermoelectric Energy Harvesting Performance Tests
7.3.1 Performance of the DC-DC Converter
This experiment consists of evaluating the performance of the DC-DC converter. That
is, the behavior of voltage and power delivered by the circuit for operating conditions
shown in Section 6.2.2. Using the arrangement of TEG, PCM and DC-DC converter;
and using a 200 Ω potentiometer as load resistance, output voltage and current are
measured. The output power is calculated and the results for output voltage and power
are presented in Figure 7.4.
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Figure 7.4: Measurements of output voltage and power of DC-DC converter.
From the simulation of Section 6.4.1, the DC-DC converter can provide a maximum
power of 420.38mW under the proposed operating conditions. To maintain the output
voltage in 3.7V, the minimum connected load must be 32.56Ω. This situation is observed
in 7.4 (a). Load resistances below 32.56Ω require more output power than the TEG is
capable of transform, resulting in lower output voltages. From 1Ω to 32.56Ω the voltage
increases until 3.7V but the power remains constant in 409.11mW. This results in an
error percentage of 2.68%. From 32.56Ω, the DC-DC is able to maintain its voltage in
3.7V and delivers the required power to the load.
7.3.2 Performance of the TEH prototype
This design of experiments pretends to evaluate the performance of the complete proto-
type. First, measurements of radiation are obtained from available data of a local Davis
Vantage Pro 2 Personal Weather Station (PWS). The PWS reports every 15 minutes,
and solar radiation measurements for 60 days (during March, April and May 2019) are
finally gathered. For that particular set of information, the percentiles for the average
solar radiation are calculated and summarized in Table 7.2. Assuming a normal distri-
bution, both tails of 10% are used to determine that 5.0% of the mean radiation is below
383.0W/m2 and 5% of the mean radiation is over 907.357 W/m2.
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Table 7.2: Percentiles for solar radiation.










First, the devised unit is placed under the influence of solar rays with the battery
completely discharged. Figure 7.5 show the power delivered in Ranges V and VI for
days using percentiles 5% (three days) and 95% (two days).
Figure 7.5: Measurements of power delivered by the TEG during selected
ranges.
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Given the prototype, performance tests are developed to fulfill the following require-
ments:
• The prototype maintains the efficiency of the arrangement (TEG + DC/DC con-
verter) in at least 20% during Ranges V and VI.
• The prototype is able to power a sensor and charge the on-board battery during
the selected radiation ranges.
• The charged battery is able to satisfy the energy demand during the night up to
a discharge percentage of 50%.
Using the measurements presented on Figure 7.5, an average output power variation from
335mW to 480mW is obtained. This produces an average efficiency that ranges from
21% to 34.38%. The calculated efficiency takes as incident radiation the one measured
for the particular day. In any case, a statistical validation is carried out to determine
if the complete prototype maintains the claimed efficiency (over 20%) during the se-
lected ranges; that is, an average output power is greater than 320mW. The situation is
presented as follows:
• H0: The mean output power is equal to or less than 320mW.
• H1: The mean output power is greater than 320mW.
Considering the proposed hypothesis test, the one-tail model of the standard normal
distribution is used to reject the null hypothesis . The right tail of the distribution is
taken for a level of significance of α equal to 5% and with it, a Z = 1.645. The Z
statistic for this type of test is greater than the 0.05 Z -value considered according to
the level of significance. Therefore, the null hypothesis is rejected with a 95% certainty.
This means that, the average output power is greater than 320mW and the efficiency is
maintained over 20% with 95% confidence.
Table 7.3 presents the total energy produced in both types of radiation level considered.
As observed, about 2.45Wh is harvested from the TEG for the worst-case scenario; and
from the energy budget consideration of Section 6.4.2, the TEH scheme provides enough
energy not only to power up the microcontroller, sensors and radio transceiver, but also
to charge the battery during the selected ranges. Finally, a maximum power of 132mW
is required when the transceiver is sending; and since the TEG average power surpasses
that value, the harvester is also capable of maintaining the transceiver powered.
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From 7.3 and with the statistic validation presented before, harvested energy satisfies
the energy demand of the IoT sensor and storage unit during an entire day.
The stochastic behavior of the radiation during the year must be considered to guarantee
a continuous operation of the sensor. Black or no-sun days represent the amount of days
of the month with radiation levels that are not suitable for electrical generation [13].
Figure 7.6 presents average days during the month with data collected for 30 years from
the NASA.
Figure 7.6: Average no-sun days per month (data from [13]).
Average no-sun days vary from 1.79 to 6.23. With the designed DoD, the scheme ensures
that, in average, the sensor presents a continuous operation during the month. As a
result of all the experiments and radiation patterns delivered by NASA, the potential of
TEGs as power source using solar radiation as energy is demonstrated.
7.4 Efficiency of Arrays with DC-DC converter
After analyzing the conversion efficiency in Section 6.5, each one of the arrays (with
2-TEG, 3-TEG and 4-TEG) are simulated in spice-based software with the selected DC-
DC converter. Load resistances vary from 50Ω to 1.5kΩ. The results of the simulation
are presented in Table 7.4.
Chapter 7. Experiments and Results 62
Table 7.4: Overall efficiency of arrays.
Number of TEGs Connection ηDC−DC [%] ηtotal[%]
2 Series 88.95 26.96
Parallel 84.83 25.71












According to the specifications delivered by the manufacturer, the efficiency of the DC-
DC increases until exceeding 90% with the increase of the input voltage. However, at
approximately 2.65V, the efficiency decrease considerably [116]. The MPP voltage of
Type-1 array surpasses 2.65V; as a result, this configuration is not studied for 4-TEG.
The results presented in Table 7.4 for the rest of the arrays show that Type-4, Type-5
and Type-6 with 4-TEG present the highest average DC-DC converter efficiencies.
On the other hand, the overall efficiency is calculated by multiplying the TEG conversion
efficiency and the average converter efficiency. The array that presents the highest overall
efficiency is 4-TEG in Type-4 configuration, with 28.09%. This configuration presents
a TEG maximum power point voltage of 1.567V and the highest DC-DC converter
efficiency, that is, 93.23%.
From a general point-of-view, 12 of the 14 arrays studied surpass the 20% efficiency tar-
get. As a result, those are demonstrated as better solution than solar panels. Without
considering the size of the device, Type-4 TEG is considered the best option to imple-
ment. However, if the TEH scheme is required for smaller devices, that is, using only
2 TEGs, the series connection presents the highest overall efficiency in only 32cm2. In
the case of 3 TEGs, the highest efficiency is presented by connecting all TEG in series,
for an area of 48cm2, but this is lower than using 2-TEG because of the losses in the
DC-DC converter.
Also, only the Type-2 configuration with 4-TEG presents an average efficiency below the
20% target. This is not suitable for TEH scheme considered the stochastic behaviour of
solar radiation and average black days presented in Figure 7.6.
Chapter 8
Conclusions and Future Work
This thesis has demonstrated the potential of electric generation using thermoelectric
effect under the incidence of solar rays. It has shown a complete energy harvesting sys-
tem that supports the operation of a secondary battery to power up outdoor devices.
The energy harvesting strategy employs the solar resource but increases the conversion
efficiency reducing adverse effects such as heating and soiling exhibited by solar panels.
Thus, the thermal gradient is preferred over the photovoltaic effect through a com-
parative analysis. The complete harvesting system complements the TEG selected as
transducer with all the required blocks to properly manage battery cycles that maximize
lifetime by ensuring a DoD of at most 50%.
Characterizing a TEG is important to determine the associated electric potential and for
simulation purposes. Initially, a first-order transducer model has been proposed based
on the associated basic electrical parameters. Thus, it is shown that 407.3mW output
power and 2.4438Wh energy are obtained using SPICE-based simulations. This helps
the design process when simulating the coupling with other electronic components. The
key aspect for proper use of thermoelectrical harvesting is maximizing the temperature
gradient that experiences a TEG given certain environmental conditions. For the case
of this work, the City of Barranquilla counts with large solar resource; therefore, a
metal plate is attached to the TEG hot-plate for proper thermal conduction, and a
dissipative material is required to keep the initial TEG cold-side temperature as constant
as possible. The PCM becomes the ideal choice as dissipative material a phase change
at a temperature as close as possible to the ambient. Thus, while the metal plate
continues to heat up, the cold side temperature is maintained keeping the targeted
temperature gradient and with that the desired efficiency. To verify its advantage for
cooling, the PCM is compared to a heatsink. It is found that the PCM reaches an
average temperature gradient of 33.1K, while heatsink only gets an average temperature
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gradient of 31.05K. This represents an improvement of 2.05K, which corresponds to
an average of 106mW more power; which for the selected operating hours represents
about 424mWh or an increment of 14.37% in the total harvested energy. Aso, with the
temperature gradient measured, the energy density requirements are fulfilled.
It is found that employing the TEG with the passive cooling strategy, the TEH has
enough power to operate one low-power microcontroller, sensors and radio, that demand
an average energy of 1.032Wh during the day. Also, it is demonstrated that the proto-
type supplies sufficient energy for continuous operation even during times with no solar
resource through an on-board 2.035Wh battery. Such battery can be recharged once
the solar radiation is available without compromising the continuous device operation.
Corroborating that there is enough energy for sensor autonomy is determined mainly in
the case of days with solar radiation below the estimated average for the geographical
zone considered. Thus, the designers are considering the worst-case scenario. Power
electronics have proved their contribution to adequate power into the proper voltage
and current ranges defined by the sensor circuitry. An 80.81% average efficiency DC-DC
converter is selected as power management unit.
The author has been able to demonstrate the efficiency claim of solar radiation conversion
over SP efficiencies. Statistically, it is found that the efficiency of the prototype surpasses
20% with 95% of confidence in solar-radiation Ranges V and VI. Also, the TEH strategy
do not suffer from efficiency reductions due to solar panel heating and/or soiling. It has
been shown that with a TEH area of only 16cm2, a minimum of 2.45Wh can be easily
harvested during a six-hour time span, and such energy level is enough for low-power
oriented sensors.
Finally, when evaluating arrays of 2-TEGs, 3-TEGs and 4-TEGs under the same tem-
perature conditions, the efficiency is still maintained over 20%. However, when coupling
these arrays with power management units, the efficiency decreases until ranging from
19.92% to 28.25%. When considering the efficiency for arrays, it is necessary to evaluate
the required area at the location. For 32cm2 it is found a maximum average efficiency
of 26.96%, while it is found an efficiency of 25.84% 48cm2. In the case of 64cm2 the
maximum average efficiency is found to be 28.25%.
As future work, it is proposed to perform experimental validation of the behavior of
TEG arrays to compare with the simulated results. In addition, it is proposed to make
the implementation in a low-power microcontroller and radio transceiver, not only for
the case of a single TEG, but for the arrangements considered in this study.
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